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Abstract Wooden constructions are gaining popularity due to their economic benefits and their lower 
embodied CO2 emissions. However, wood buildings face certain challenges, with one prominent issue being 
their limited thermal mass, resulting in lower thermal inertia within these structures. The scope of the study 
is to develop a simulation model in COMSOL Multiphysics (CM) to reflect the performance of buildings 
when PCMs are used in the structures. The model is validated with experimental data and then used to 
determine the optimal position of PCMs in a multi-layer wall, in addition, the optimal thickness of mPCMs 
has also been studied. The model in CM, representing a building with the shape of a box, consists of two 
versions. The first version (named as test box) is modelled with 5 sides of pure gypsum and 1 side of PCM-
gypsum composite. The second version (named as reference box) is modelled with 6 sides of pure gypsum. 
These models are experimentally verified in the study. The study is focused on reducing the cooling load, 
the PCM gypsum composite material should function effectively during summer conditions in northern 
Sweden. A climate chamber is utilized to create temperature conditions of summer days in northern Sweden 
for the two boxes while performing measurements to validate the simulation model. Result indicates a 
slightly lower temperature value from CM in comparison to the experimental data. It also shows the 
optimized position of PCM layer is the internal surface of the room and the thickness is important to be 
considered depending on the location.  

1 Introduction 
The total quantity and area of buildings have grown 
rapidly resulting in increasing building energy 
consumption. The building energy consumption 
contribute to about 34% of global energy consumption 
according to international energy agency (IEA)[1]. 
Light-weight buildings are widely used due to their 
benefits like faster and cheaper during building process 
compared to other traditional building materials [2]. 
However, their low thermal inertia increases the 
fluctuation of energy load and air-conditioning when 
applied. IEA reported that the energy spent on air-
conditioner for space cooling is around 20% of the total 
energy used in buildings. In Europe, the average annual 
air temperature has risen up to 1.7 ˚C above the pre-
industrial level [3]. The cooling energy load is predicted 
to increase by 72% from 2015 to 2030 in Europe 
according to European Union [4]. 

One of the innovative methods to reduce the energy 
consumption of light-weight buildings is the 
development of passive design of buildings using latent 
heat thermal energy storage system. Phase change 
materials have been proved to be good materials that can 
store and release large amount of heat without large 
volume change. Several studies [5-7] have demonstrated 
that incorporating PCM into buildings may help refine 
the thermal comfort by lowering the temperature 
amplitude and shifting the peak temperature.  

The building sector consumes 20%-40% of all 
generated energy, and about 50% of this energy is spent 
on heating, ventilation and air conditioning [8]. Wood 
buildings has gained interest in the past years with its 
advantages of fast construction, low cost, etc. However, 
the lower thermal mass limited of wood building has 
raised fear of large variations in indoor temperature that 
has limited the construction of wood buildings. The 
thermal mass of a building can be increased either by 
increasing the mass of the building envelope or by using 
PCM [9]. In addition, the application of PCM can reduce 
the heat transferred to and from the wood system and 
thereafter reduce the buildings energy consumption. 
When analyzing this issue, [10] indicated that it is 
effective to use PCM with peak melting temperatures of 
23-24 °C in subarctic climate conditions. 

For the application of PCM in wood buildings, the 
location of PCM has been studied by researchers [11-
15]. However, this issue is still not resolved and requires 
further study and instruction, especially when subarctic 
climate is the condition. This study developed and 
validated a COMSOL model that can be used to predict 
the performance of PCM wall layers on the regulation 
of room temperatures. 

2 Simulation tool  
COMSOL Multiphysics 5.4 is used in this study for the 
simulation of PCM performance in building systems. 
The simulated model is an analogy of a representative 
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‘building’ model that has been studied in previous work 
[16]. The geometry of the model can be found in Fig.1, 
the green color stands for the PCM-gypsum wall side, 
while gypsum wall is marked with gray.   

 
Fig.1 Geometry of the test box: PCM-gypsum 
composite wall in green, pure gypsum wall in gray and 
air domain in blue. 

 

2.1 Governing equation 

The numerical models of the study include physics of 
‘Heat Transfer in Solids’ and ‘Heat transfer in surface-
to-surface’ from COMSOL.  

The heat transfer in solids and fluids is solved with 
Fourier’s Law:  

 𝜌𝑐௣ డ்డ௧ ൅ 𝜌𝑐௣𝑢 ∙ ∇𝑇 ൅ ∇ ∙ 𝑞 ൌ 𝑄 ൅ 𝑄௧௘ௗ      (1) 
 
where the 𝜌  denotes material density (kg/m3), 𝑐௣ is 
specific heat (J/kgK), 𝑇 is temperature(K), 𝑡 is time (s), 𝑢 is the velocity vector (m/s), 𝑞 is the conductive heat 
flux (𝑊/𝑚ଶ), 𝑄 is any additional heat source (𝑊/𝑚ଷ) 
and 𝑄௧௘ௗis the thermoelastic damping (𝑊/𝑚ଷ).  

2.2 Initial and boundary conditions 

The outdoor temperature used in CM was downloaded 
from the weather station database at TFE, Umeå 
University, consisting of the first three days of July in 
the summer of 2018. The data was chosen because it was 
the highest temperature in the last five years in Umeå. 
The measured data was averaged per hour so it had to be 
interpolated linearly in the simulation model first (see 
Fig.2), since the time step in CM was set to 1 minute. 
The initial temperature for all domains in the test box 
geometry was set to 17.62 °C, since the ambient air 
started at this temperature. This decreases the risk for 
numerical instability due to large temperature gradients 
in the area closest to the ambient air. 
 
 
 

 
Fig.2 The linear interpolation of the hourly outdoor 
temperature measured at the first three days of July in 
Umeå Sweden 2018. 
It shows in Fig.2 the highest temperature appears in the 
2nd July with a value of about 32 °C, and the high 
temperature period (over 31 °C) lasted about 10 hours. 

2.3 The heat transfer in solids and fluids 
interface 

Most of the material properties for the pure gypsum and 
the PCM-gypsum composite, implemented in the 
simulation model, were obtained from the previous 
study by Zhou et al. [16]. In the study the thermal 
conductivities used for the exterior surfaces of the PCM 
gypsum composite and the pure gypsum were calculated 
using Eq. 2: 
 𝑘 ൌ ௧௤೐ೣ೟೐்ೣ೟ି்೔೙೟                       (2) 
 
where t is the thickness of the respective box wall type 
(m), 𝑇௘௫௧ is the exterior surface temperature (𝐾), 𝑇௜௡௧ is 
the interior surface temperature (𝐾) and the convective 
heat flux 𝑞௘௫௧ (𝑊/𝑚ଶ) is calculated with the same heat 
transfer coefficient of 10 𝑊/𝑚ଶ𝐾  for both materials 
using Eq. (3) 
 𝑞௘௫௧ ൌ ℎሺ𝑇௔௠௕ െ 𝑇௘௫௧ሻ                (3) 
 
where 𝑇௔௠௕ is the temperature in the climate chamber 
(𝐾). 
The resulting thermal conductivity of the PCM-gypsum 
composite, during solid-liquid transition, was inserted as 
an interpolation in the simulation model, as seen in 
Fig.3. The thermal conductivity peaks (0.65 𝑊/ሺ𝑚 ∙𝐾ሻ) over temperatures corresponding to when the solid-
liquid phase change occurs. Since there was no 
equivalent thermal conductivity data for liquid-solid 
transition, it is assumed to be the same as for solid-liquid 
transition, with a change to a 1.2 degrees lower 
temperature for during solidification process. This is the 
same temperature difference as between the phase 
transition temperatures of melting and solidification, 
also called sub-cooling degree. The average thermal 
conductivity for pure gypsum became 0.09 𝑊/ሺ𝑚 ∙ 𝐾ሻ 
for the test box and 1 𝑊/ሺ𝑚 ∙ 𝐾ሻ for the reference box. 
Subsequently, the thermal conductivity of each material 
was applied to the wall domains in the simulation model. 
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Fig.3 Thermal conductivity for the melting transition 
interpolated in COMSOL. 
 
While the specific heat data of the PCM-gypsum 
composite board has been taken from previous study 
[16]. 
 

2.4 Surface to surface radiation interface 

The Surface-to-Surface radiation interface is part of the 
Heat transfer module of CM. All the surfaces on the 
inside and on the outside of the test box (and reference 
box) were defined as diffuse. Ambient-to-surface 
radiation was included in the simulation model 
automatically when the outside surfaces were defined. 
By default, fluid domains are considered transparent and 
solid domains opaque, so the interior air domain and 
wall domains in between its surfaces did not need to be 
defined. The view factor to the ambient is zero inside the 
enclosure so there were separate view factors computed 
for the inside and outside. The ambient was represented 
by the climate chamber’s interior walls, which implied 
that solar irradiance and long wave radiation could be 
neglected in the simulation model. The emissivity of the 
PCM-gypsum composite and the pure gypsum surfaces 
were both assumed to be 0.85 according to [17].  
 

2.5 Temperature monitoring in the simulation 
and the mesh 

The temperature evolution over time were monitored 
with boundary point probes at five different locations - 
the exterior and interior surfaces of one of the gypsum 
walls, the exterior and interior surfaces of the PCM-
gypsum composite wall and at a point inside the interior 
air space. Temperature values at 1-minute intervals were 
obtained from the 72-hour time period. 
Both a tetrahedral mesh and a swept mesh were used in 
the simulation. The swept mesh utilized the high aspect 
ratio of the hexahedral elements, allowing for a finer 
mesh size at the boundaries of the interior air domain 
where the larger air velocity gradients and temperature 
gradients occur and where two of the probes were 
located. Fig. 4 shows the tetrahedral mesh used for the 
entire test box on the left and the swept mesh (used for 
interior air domain) mixed with a tetrahedral mesh (used 
for walls) for the reference box on the right. 
 

 
Fig. 4 The two different kinds of mesh used: fine 
tetrahedral mesh (left) and a mix of tetrahedral and 
swept mesh (right). 
 

3  Experimental set-up 
An experimental set-up discussed in [16] has been used 
for conducting experimental study. The dimension of 
boxes in experiment and simulation are 30 cm x 30 cm 
x 30 cm with an average wall thickness of 1.5 cm. The 
PCM-gypsum composite wall of the test box was 
slightly thinner with a thickness of 1.25 cm due to the 
inaccuracy from manufacturing process. The composite, 
which contains 30 vol% PCM and 70 vol% gypsum, was 
constructed according to Zhou et al. [18]. The other 
walls were made of 100% gypsum. T-type 
thermocouples, with an uncertainty of ±0.1K, were 
attached to the five different locations on the boxes 
corresponding to the boundary point probes in the 
simulation. The climate chamber used in the experiment 
was a Discovery MY from ASC, fitted with a fan to 
maintain uniform temperature throughout the 
1𝑚ଷinternal space. The two boxes were placed in the 
climate chamber, with the sensors connected. The 
climate chamber then generated a temperature profile 
according to Fig. 2, for the 72-hour duration of the 
measurement. Fig. 5 shows the test box placed in the 
climate chamber with a sensor attached to the PCM-
gypsum composite wall. 
 

 
Fig. 5: The test box placed in a climate chamber with 
sensors attached. 

3.1 Evaluation of simulation model 

The model accuracy was checked with Root Mean 
Squared Error (RMSE) and the normalized RMSE 
(NRMSE). The metrics are indicators of how well the 
model can predict data, the lower the values the better 
prediction. RMSE is the most representative metric for 
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prediction accuracy [18]. A rule of thumb is that a 
RMSE less than 0.5 °C shows that the model can predict 
the data well, though in fact there exists no fixed 
threshold and it should be interpreted comparatively. 
The RMSE was calculated with Eq. (4): 

 𝑅𝑀𝑆𝐸 ൌ ට∑ሺௌିெሻమே                       (4) 
 
where 𝑆  is the simulated value, 𝑀  is the measured 
value, and 𝑁  is the number of observations. By 
normalizing the RMSE with the range of the measured 
data, the RMSE can be evaluated relative to the dataset 
that it was created from. The NRMSE (%) was 
calculated by Eq. (5): 
 𝑁𝑅𝑀𝑆𝐸 ൌ ோெௌா௬೘ೌೣି௬೘೔೙ ൈ 100%              (5) 

 
where 𝑦௠௔௫ െ 𝑦௠௜௡ is the range of the measured data. 

 
3.2 Layer sequencing and thickness specification of 

PCM-gypsum composite layer 
 
A parametric study was performed in CM, with 

focus on how to improve the cooling effect of PCM on 
the test box during high ambient temperatures. The first 
part examined the effect from varying the placement of 
the PCM-composite layer in different sequences 
together with extruded polystyrene (EPS) layers, 
following the example described by Zhou et al. [18]. The 
gypsum in the other walls of the test box was replaced 
by EPS of the same thickness (1.5 cm) in order to create 
similar thermal conductivity in the entire envelope. The 
different configurations, with the PCM-gypsum 
composite layer highlighted in green, are illustrated in 
Fig. 6. The front wall consists of either two layers (2x1.5 
cm) or three layers (3x1.5 cm). A PCM-gypsum 
composite layer was not included in the c and f 
configurations. To examine the effect of sequencing on 
the test box, the interior air temperature curves were 
analysed and compared to each other. 
 

 
Fig.6 Configuration of the front wall: PCM-gypsum 
composite wall is indicated by the green layer. 
 
The second part of the parametric study examined the 
effect of thickness of the PCM-gypsum composite layer 
on the interior air temperature variation. The 
configurations d and e with a PCM composite layer 
thickness of 1.5 cm in the previous part were compared 
to configurations where the thickness is increased to 3.0 

cm and 4.5 cm for the outside position and inside 
position, respectively, as seen in Fig. 7. 
 

 
Fig. 7: Configuration of the front wall where the 
thickness of the PCM layer is changed: PCM-gypsum 
composite wall is indicated with green layer. 
 

4  Results and discussion 
Fig. 8 shows the temperature distribution at 10 hours 
from simulation. When the ambient temperature 
increases and the PCM is within its melting temperature 
range the PCM gypsum composite wall holds a lower 
temperature than the gypsum walls and interior air, 
indicated by the area marked in purple. 
 

 
Fig. 8: Temperature distribution in 10 hours of test box, 
purple area is the PCM-composite wall. 
 
The temperature variation in different locations has been 
derived from the CM simulation shown in Fig.9. It 
shows that with the increasing ambient temperature, the 
surface temperature on PCM also increases, and a phase 
transition appears when the external surface temperature 
is over 22 °C which is noticed as a slower increase of 
temperature followed by a sharp increase after transition 
is done.  
 

 
 
Fig. 9: Temperature in different locations derived from 
the simulation. 
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4.1 Comparing tetrahedral mesh and swept 
mesh 

Using the tetrahedral mesh was slow but much easier to 
implement and can be adapted to almost any geometry. 
It was set to physics-controlled and the element size to 
fine. The number of DOF solved for was 177447 for the 
test box and 176036 for the reference box. The solution 
time was 19 hours and 17 minutes for the test box and 
20 hours for the reference box. Implementing the swept 
mesh for the air domain increased the solution speed 
significantly. Tetrahedral mesh, of fine element size, 
was still used for the gypsum walls and PCM-gypsum 
composite. The mapped surface mesh was designed with 
16 number of elements and an element ratio of 3, while 
the swept mesh was designed with the 8 number of 
elements and an element ratio of 3. The number of DOF 
solved for was 37890 for the test box and 37664 for the 
reference box. The solution time was 3 hours and 4 
minutes for the test box and to 2 hours and 35 minutes 
for the reference box. The temperature curves resulting 
from using different mesh type for the PCM-gypsum 
composite exterior wall were compared, as seen in Fig. 
10. The tetrahedral mesh with element size set to fine 
and the mixed swept/tetrahedral mesh gave very similar 
results. Thus, there were no disadvantages regarding 
accuracy in using the swept mesh on the interior air 
domain. 
 

 
Fig.10: Temperature curves for PCM-gypsum 
composite exterior wall by using both mesh types. 
 
The temperature curves for the interior air domain were 
also compared, as seen in Fig. 11, the tetrahedral mesh 
and the swept/tetrahedral mesh both showed numerical 
instability for the first hours. 
 

 
Fig. 11: Temperature curves for interior air domain for 
both mesh types 

The convergence plots showed a very high reciprocal of 
step size at the beginning of the solving process for both 
solutions. Fig. 12 shows the convergence plot when 
using a tetrahedral mesh. The high reciprocal of step size 
could be due to that there is no movement or very little 
movement of the air at first, when the CFD module is set 
to laminar flow. 
 

 
Fig. 12: The convergence plot for the simulation when 
tetrahedral mesh is used. 
 

4.2 Validation of the simulation model by 
experimental data 

 
The data attained from the 72-hour climate chamber 

run was measured in one second time step, so the values 
had to be averaged over 60 second intervals to make the 
comparison with the simulation values with output times 
for every minute. The ambient temperature curve from 
the simulated data was calibrated against the air 
temperature sensor in the climate chamber to get the 
timeline right. Temperature curves from using a 
tetrahedral mesh for the test box and reference box were 
used in the validation. The probe data from the 
numerical simulation were compared to the equivalent 
sensor data from the experimental measurements. Fig. 
13 and Fig. 14 shows the experimental and simulated 
temperature curves for the gypsum exterior wall and the 
gypsum interior wall, respectively, for both test box and 
reference box. Both plots show consistently lower 
temperatures for the experimental measurements. The 
largest deviations appeared at the curve’s peaks and 
valleys. One possible explanation is that the climate 
chamber was not able to create a uniform enough 
temperature distribution. However, the deviation on the 
interior walls should be relatively smaller in this case, 
which is not observed. The larger deviations on the 
interior walls could be caused by an error in sensor 
calibration. 
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 Fig.13: Temperature curves from experimental 
measurements and the numerical simulation on the 
exterior gypsum wall of both test box and reference box 

 

 
Fig. 14: Temperature curves from experimental 

measurements and the numerical simulation for interior 
gypsum wall of both test box and reference box 
 
Fig. 15 and Fig. 16 show the PCM-gypsum composite 
walls exterior and interior surface. The interior PCM 
wall temperature shows better agreement between 
simulated and experimental values than the exterior 
PCM walls. The deviation was larger in PCM walls than 
the gypsum walls and the deviation is significant at the 
peaks and valleys. At the temperature interval where the 
PCM is activated, the simulated temperatures showed a 
rate of change with time very similar to the experimental 
equivalent i.e. they have the same slope in the transition 
temperature interval. This suggested that the PCM acts 
as it should in the simulation, with regards to latent heat 
storage. The deviation between simulated and 
experimental curves seemed to depend more on a 
systematically lower temperature in the chamber, as if it 
is always a few temperature degrees behind and it cannot 
catch up when reaching the peaks, because the chamber 
temperature is not reaching the prescribed temperature. 
The interior air temperature curves in Fig. 17 showed 
the least deviation between simulated and experimental 
values. According to Fig. 9, the temperature at all 
locations reached the ambient temperature at the peak at 
around 14 hours, there is not enough thermal mass built 
into the boxes, despite the PCM, to avoid that. The same 
thing occurred for all the peaks and all the valleys in the 
simulation - the curves were united at the ambient 
temperature. Assuming that this is true, it should have 
happened also in the experimental situation. But this is 
not observed, hence this supports our hypothesis that the 
chamber could not reach the highest prescribed 
temperature. Though for the interior air the peaks and 
valleys of the experimental curves ended up closer to the 
simulated curves than they had been in any of the other 

locations. The explanation could be that the wire of the 
temperature sensor was hanging freely in the interior air 
space and was not attached to the walls as the other 
sensors, which may have caused a lower thermal 
resistance between the air and the temperature sensor. 

 
Fig. 15: Temperature curves from experimental 
measurements and the numerical simulation, from a 
point on the exterior PCM wall of the test box and the 
equivalent gypsum wall of reference box. 
 

 
Fig. 16: Temperature curves from experimental 
measurements and the numerical simulation, from a 
point on the interior PCM wall of the test box and the 
equivalent gypsum wall of reference box. 
 

 
Fig. 17: Temperature curves from experimental 
measurements and the numerical simulation, from a 
point inside the air spaces of both test box and reference 
box. 
 
The RMSEs and NRMSEs from the comparison of the 
numerical and experimental results are presented in 
Table 1. In the absence of data to compare with, the 
RMSEs were interpreted using the rule of thumb. The 
largest errors were 1.14 at the exterior surface of the 
PCM-gypsum composite wall for the test box and 0.94 
for the gypsum wall interior surface (at the PCM wall 
position) of the reference box. The normalized RMSE 
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were just above 5% for the gypsum walls of the 
reference box and above 6% for the PCM exterior wall 
of the test box. 
 

Table 1: RMSEs and NRMSEs of experimental and 
numerical results 

 Gypsum External Gypsum internal 
 Test  Ref Test Ref 
RMSE/°C 0.41 0.68 0.56 0.93 
NRMSE/% 2.4 3.9 3.2 5.3 
 PCM external PCM internal 
 Test Ref Test Ref 
RMSE/°C 1.14 0.68 0.76 0.94 
NRMSE/% 6.5 3.9 4.5 5.4 

 

4.3 Location specification 

Seven different configurations of a PCM-gypsum 
composite layer and XPS layers, each of thickness 1.5 
cm, were tested in CM with the validated simulation 
model, using the original ambient temperature curve. 
The interior air temperature curves for each 
configuration are plotted in Fig. 18. Looking closer at 
the first peaks of the curves in Figure 18, the 
configurations e, h, i showed significantly better 
properties. They were better at sustaining a lower 
interior temperature during the ambient temperature 
peak. 

This suggested that configurations with the 
composite layer near to the interior air space are 
preferable during the cooling season, at least under the 
current circumstances i.e., they provided a better match 
between the transition temperature range of the PCM 
and the interior temperature of the test box during the 
unusually high ambient summer temperatures. The 
motivation to keep the PCM close to or on the external 
side would be better storage efficiency, but it was not 
possible to track the liquid fraction over time, so this 
indicator was not considered. 

 

 
Fig. 18: Temperature curves for a point inside the air 
space from COMSOL for different wall configurations 
 

 
Fig. 19: A close-up of the first peak of temperature 
curves from Fig. 18. 
 

4.4 Optimization of the thickness of PCM-
gypsum composite layer 

When the effect from changing the thickness of the 
PCM-gypsum composite layer were examined, as seen 
in Fig. 20. The figure shows the temperature variation 
inside the box with three different thicknesses of PCM-
gypsum layer (1.5cm, 3.0 cm and 4.5 cm). It shows that 
putting a thickness of 4.5 cm layer next to the interior 
space (configuration e) was the best alternative for 
cooling, followed by the 3.0 cm PCM layer on the same 
position. 

The third best alternative was not the thin PCM layer 
of 1.5 cm on the inside, but the very thick 4.5 cm PCM 
layer on the outside. Increasing the PCM layer thickness 
does not lead to a decrease in insulation material 
thickness, so the thermal conductivity in the front wall 
is not increased. But the storage capacity is most likely 
affected, with less complete phase change cycles, since 
thicker PCMs are difficult to recharge. The decreased 
storage efficiency should be weighed against the 
increased heat storage capacity when choosing the 
optimal thickness in real life but as mentioned, in this 
study, the liquid fraction was not tracked in the 
simulation. 

 

 
Fig. 20: Temperature curves for a point inside the air 
space for different PCM thicknesses. 

5 Conclusion and discussion 
A COMSOL Multiphysics model has been developed in 
this study for the simulation of building performance 
when phase change materials (PCM) are used. The 
developed model has been validated by experimental 
data. The simulation results indicate that for a severe 
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climate profile like Umeå Sweden, when PCM is used 
to regulate internal temperature, it’s better to locate 
PCM as the internal surface than external surface. It also 
indicated that a 4.5 cm PCM placed as external surface 
is better than a 1.5 cm PCM places as internal surface 
layer.  

 
A recommendation from this study is to create 

functions in the simulation model to predict the liquid 
fraction of PCM during the solid-liquid phase transition 
process. 
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